Abstract Green microalga Chlorella (Chlorella vulgaris) powder was employed as a natural antioxidant in virgin olive oil and its antioxidant activity was compared with those of b-carotene and a-tocopherol during 16 days of accelerated storage. Furthermore, the synergistic effects of Chlorella and citric acid were investigated. The primary, secondary, and total oxidation products of Chlorella samples (with and without citric acid) were lower than those of the control samples. Induction period of Chlorella samples were significantly higher than those of the control, b-carotene, and a-tocopherol samples. Furthermore, carotenoid and chlorophyll contents of Chlorella samples were significantly higher than those of the control samples. These pigments can delay the oxidation process. Using Chlorella and citric acid in combination with each other showed no synergistic effect against the oxidation of virgin olive oil. In conclusion, Chlorella can be affirmed as a natural antioxidant, which extends the shelf life of virgin olive oil.
Introduction
Virgin olive oil (VOO) is obtained from the pressed olive fruit with distinct nutritional and sensory characteristics. VOO exhibits high stability due to its specific compositions, including high amounts of monounsaturated fatty acids (MUFAs) and a range of natural antioxidants [1] . However, VOO easily undergoes oxidation due to the presence of polyunsaturated fatty acids (PUFAs), namely, linoleic and linolenic acids [2] . Oxidation of VOO leads to the formation of oxidation compounds such as free radicals, hydro-peroxides, and harmful degraded oxidation products, which is associated with discoloration, rancid odor, and depletion in quality of VOO [1] .
Green eukaryotic microalga Chlorella (Chlorella vulgaris), belonging to the family Chlorellaceae, has an annual production of 2000 tons [3] . Chlorella comprises high protein content ([55% dry weight) with essential and non-essential amino acids, which are comparable to the standard profile of human nutrition. It also contains lipids with essential fatty acids, carbohydrates, high levels of pigments such as chlorophylls and carotenoids, vitamins including both water-and fat-soluble, and minerals such as zinc and potassium [3] . According to investigations, Chlorella has reducing potential and free radical scavenging activity [4, 5] .
Antioxidants can be categorized as primary and secondary types based on their mechanism of action. Primary antioxidants act as a chain-breaker such as tocopherols [6] . Secondary (preventive) antioxidants present different mechanisms for slowing down the oxidation rate and are titled as synergists because of their promoting activity of primary antioxidants [7] . Citric acid (CA) is frequently used as a synergistic antioxidant, which may function by chelating a metal [8] .
The purpose of this study was to investigate the oxidative stability of VOO by supplementing VOO with Chlorella and CA. The two supplements were added either individually or in combination with each other. Moreover, the antioxidant activity of Chlorella was compared with that of a-tocopherol and b-carotene.
Materials and methods

Chemicals and reagents
2,2-Diphenyl-1-picrylhydrazyl (DPPH), gallic acid, quercetin, ascorbic acid, CA, b-carotene, a-tocopherol, FolinCiocalteu reagent, and p-anisidine reagent (4-methoxyaniline) were purchased from Sigma-Aldrich Company (St. Louis, MO). All other chemical substances and solvents used in this study were of analytical/chromatography grade and were made by Merck Company (Darmstadt, Germany).
Chlorella
Spray-dried Chlorella was purchased from Lifestream International Ltd. (Aukland, New Zealand) and was stored in vacuum-packed conditions at 4°C until further use. The proximate chemical composition of Chlorella was investigated according to the Official Methods of Analysis of the Association of Official Analytical Chemists [9] .
Fatty acid composition of Chlorella
Fatty acid methyl esters (FAMEs) were prepared according to the method described by Golmakani et al. [10] from relevant research. A flame ionization detector and a BPX70 fused silica capillary column (30 m long, 0.25 mm internal diameter, and 0.25 lm film thickness) were used for gas chromatography (GC) analysis. The carrier gas was nitrogen. The injection volume was 1 lL and the split ratio was 1:10. The injector and detector temperatures were set at 250 and 300°C, respectively. The initial oven temperature was set at 140°C for 5 min and increased to 180°C at a rate of 20°C/min and was maintained for 9 min. Finally, the temperature was further increased to 200°C at 20°C/ min and was maintained for 3 min. FAMEs were identified through a comparison of their retention times against pure standards analyzed under the same chromatographic conditions. The percentage for each fatty acid was expressed as the relative area percent of the total and was also reported based on their unsaturation degree, as saturated fatty acid (SFA), MUFA, and PUFA.
Antioxidant properties of Chlorella
To determine bioactive substances and antioxidant properties, a methanolic extract of Chlorella was prepared. The extraction method was applied in several steps as follows: 5 g of Chlorella ground powder was mixed with 25 mL methanol and was shaken vigorously for 2 min. The mixture was centrifuged (SW14R, Froilabo, Lyon, France) for 5 min at 25889g. The supernatant phase was filtered through a Whatman No. 1 filter paper and the residue was re-extracted twice following the above mentioned procedure. The supernatants were combined, centrifuged, and filtered. The volume of Chlorella extract was increased to 100 mL by adding methanol. The extract was then refrigerated until future use.
Total phenolic content of Chlorella extract (10 mg/mL) was measured using the method described by Habibi et al. [11] . Different concentrations of gallic acid (0.02-0.10 mg/ mL) were used to create a standard curve. Total flavonoid content of Chlorella extract (10 mg/mL) was determined using the spectrophotometric method as described by Habibi et al. [11] . Different concentrations of quercetin (0.02-0.10 mg/mL) were used to create a standard curve. The method by Dere et al. [12] was employed to estimate the carotenoid and chlorophyll contents of Chlorella.
The DPPH radical scavenging activity of different concentrations of Chlorella extract (0.01-1.00 mg/mL) was measured according to the method of Shalaby and Shanab [13] . The result was recorded as a sample concentration leading to 50% DPPH radical scavenging activity (IC 50 value). Cupric reducing antioxidant capacity (CUPRAC) of Chlorella extract (1 mg/mL) was determined according to the method of Apak et al. [14] . For preparation of a standard curve, different concentrations of ascorbic acid (0.01-0.10 mg/mL) were used.
VOO
VOO used in this project was provided by the Edible Oil Industries Group of Etka Organization. VOO was stored in amber glass bottles with no head space and was kept at 4°C until future analysis.
Quality and oxidation parameters of VOO
Free acidity (Ca 5a-40), peroxide value (PV; Cd 8-53), anisidine value (AV; Cd 18-90), and K 232 and K 268 (Ch 5-91) were measured using the Official Methods of American Oil Chemists' Society [15] . Totox value (TV) was calculated as 2PV ? AV. The maximum PV, K 232 value, and K 268 value for VOO was established as 20 meq O 2 /kg, 2.60, and 0.25, respectively [16] .
Fatty acid composition of VOO
FAMEs of VOO were prepared according to Golmakani et al. [17] . All technical features and GC system conditions were the same as those described for fatty acid composition of Chlorella. The results were expressed as the percentage of relative peak area for each detected fatty acid.
Oxidative stability of VOO supplemented with Chlorella Microalga Chlorella was milled into uniform dry powder using a mill grinder (MJW176P, Matsushita Electric Industrial Company, Ltd. Osaka, Japan). Milled Chlorella was added to VOO at a concentration of 1% (w/w) and was sonicated by immersing a clean ultrasonic probe (Bandelin Electronics, Berlin, Germany). The sonication condition provided 50 W for 10 min of total working time (20 s sonication time and 10 s interval time) at 25°C. For comparison, b-carotene and a-tocopherol were also added to VOO at a concentration of 0.01% (w/w). Furthermore, the synergistic effects of different antioxidants with CA (at a concentration of 0.01%, w/w) were evaluated.
Samples were kept in closed amber glass bottles and were heated in an incubator (Memmert GmbH ? Co. KG, Schwabach, Germany) at 60 ± 1°C for 16 days in darkness. Chlorella samples (with and without CA) were initially filtered through a Whatman No. 1 filter paper and were then analyzed. In order to explore to what extent oxidation occurs in each sample, the PV, AV, TV, K 232 value, and K 268 value were measured every 4 days. Moreover, carotenoid and chlorophyll contents of samples were measured at the beginning and at the end of storage period and were respectively expressed in terms of mg lutein and pheophytin-a per kg of VOO [18] . Antioxidant indices, including protection factor (PF), antioxidant activity (AA), improved oxidative stability (IOS), and synergism degree, were measured according to the following equations:
Induction period (IP) was defined as the time (in days) taken to reach the maximum PV for VOO, namely, 20 meq O 2 /kg [16, 19] . The IP was calculated by extrapolation of PV curve. The AA index is a function of antioxidant concentration [20] . Accordingly, the AA values of samples containing synergistic modes of action were estimated on the basis of both antioxidant and CA concentrations.
Color attributes (L*a*b*) were evaluated for the samples at the beginning and at the end of storage period according to the method described by Habibi et al. [11] . In the L*a*b* coordinate system, the L* value indicates that brightness ranges from 0 (black) to 100 (white), whereas a* value ranges from -100 (greenness) to ?100 (redness) and b* value ranges from -100 (blueness) to ?100 (yellowness). Furthermore, the color difference
2 ) was calculated and set to be compared with the control samples (with and without CA).
Statistical analysis
All experiments and analyses were performed in triplicates. Results were reported as mean values ± standard deviation. Statistical analyses were conducted using Statistical Analysis Software (SAS) version 9.1 (SAS Institute Inc., Cary, NC). All data were treated with the general linear model procedure. Significant differences (p \ 0.05) among the mean values were determined using Duncan's multiple range test.
Results and discussion
Chlorella
The chemical composition of the Chlorella comprised 64.20% protein, 13.21% fat, 10.70% carbohydrates, 7.22% ash, and 4.67% moisture.
Fatty acid composition of Chlorella
Palmitic acid (28.02%), a-linolenic acid (24.95%), and linoleic acid (15.11%) were the major types of fatty acids present in Chlorella (Table 1) . Only small amounts of PUFA (0.05%) can be liberated into VOO by adding 1% Chlorella. Therefore, adding Chlorella cannot significantly increase the PUFA content of VOO.
Antioxidant properties of Chlorella
The total phenolic and flavonoid contents of Chlorella extract were 23.74 ± 1.50 mg gallic acid equivalent/g and 9.16 ± 0.10 mg quercetin equivalent/g, respectively.
The carotenoid and chlorophyll contents of Chlorella were 2.7 and 32.6 mg/g dry weight, respectively. High content of chlorophyll is a distinctive characteristic of Chlorella [3] . Chlorella extract exhibited an IC 50 value of 0.745 ± 0.023 mg/mL, indicating that Chlorella extract is able to transfer electrons to neutralize free radicals. This ability can be attributed to the bioactive components of Chlorella. In Cu (II)-Cu (I) transformation experiments, the reductive capacity of Chlorella extract was 29.42 ± 0.77 mg ascorbic acid equivalent/g.
Quality and oxidation parameters of VOO
The free acidity, PV, AV, TV, K 232 value, and K 268 value of olive oil were 1.76 g oleic acid/100 g, 4.18 meq O 2 /kg, 3.77 mg/kg, 12.13, 1.25, and 0.10, respectively. The quality parameters for the analyzed olive oil were free acidity, PV, K 232 value, and K 268 value, which could fall within the ranges established for the category of VOO, as stated by the International Olive Council [16] .
Fatty acid composition of VOO
The major fatty acids identified in olive oil were oleic acid (75.44%), palmitic acid (17.14%), and linoleic acid (5.71%) ( Table 1) . Fatty acid composition of the olive oil in this case is likely to follow the ranges set for VOO [16] . Moreover, PUFA accounted for 7.51% of the total fatty acids in VOO.
Oxidative stability of VOO supplemented with Chlorella
PV and antioxidant indices
The oxidative stability of samples was assessed under accelerated storage conditions and was subjected to evaluate their primary, secondary, and total oxidation products. The PV of the control increased with increasing storage period, showing the maximum value of 21.81 meq O 2 /kg after 8 days (Fig. 1A) . The PV of control was 40.82-54.38% higher than that of the samples containing natural and synthetic antioxidants. Thereafter, the PV of the control showed a decreasing trend. As the PV of control decreased, a progressive increase in the AV of control occurred. This behavior can be explained by the instability of hydro-peroxide products of the control and their conversion into secondary oxidation products.
At the end of storage period, the Chlorella sample showed the lowest PV. Therefore, adding Chlorella can be a suitable approach to retard the VOO oxidation. Eliciting bioactive components from Chlorella can be a cause for lowering the PV level in comparison with the control. In Chlorella, compounds with known antioxidant capacity include carotenoids (approximately 4 mg per gram), chlorophylls (approximately 21 mg per gram), phenolic compounds (approximately 15 mg gallic acid equivalent per gram of dry extract), and also trace elements of several other compounds [4, 21] . Santoso et al. [22] investigated the antioxidant capacity of seven species of Indonesian seaweeds in an emulsion system of fish oil. They observed that seaweed extracts had lower PVs than that of control. In this study, the Chlorella sample had a significantly lower PV than the PVs of b-carotene and a-tocopherol samples at the end of storage period. 
The PVs of samples containing CA increased with increasing storage period (Fig. 1D) . Throughout the storage period, the PV of Chlorella sample was significantly lower than that of the control. The Chlorella sample had significantly lower PV (by 25.05%) than that of the control at the end of storage period. The PV of Chlorella sample was significantly lower than those of the a-tocopherol and b-carotene samples at the end of storage period. At the same time, there were no significant differences between the PV of b-carotene sample and that of the control. At the end of storage period, there were no significant differences between PVs of all samples without CA and those with CA.
Estimation of antioxidant indices can allow researchers to study the effects of antioxidants on resistance of VOO. All samples showed significantly higher IP values than that of the control ( Table 2 ). The Chlorella sample had the highest IP value, which can be attributed to the release of Chlorella bioactive components. Moreover, the IP values of a-tocopherol and b-carotene samples were observed to be similar. The IP value of Chlorella sample containing CA was significantly higher than its corresponding control. There were no significant differences among the IP values of control, a-tocopherol, and b-carotene samples containing CA. The IP values of all samples containing CA, other than the control, were the same as their corresponding samples without CA. According to Table 2 , the Chlorella samples (both with and without CA) showed the highest PF values. No significant differences were observed between the PF values of a-tocopherol and b-carotene samples.
AA is an index depending on antioxidant concentration [20] . Chlorella sample had the lowest AA value. AA values of a-tocopherol and b-carotene samples were the same, whereas they were higher than that of the Chlorella sample.
Chlorella significantly increased the IOS value of VOO (295.69%), as shown in Table 2 . Moreover, the IOS values of VOO significantly increased to 178.87 and 159.59% by the incorporation of b-carotene and a-tocopherol, respectively. Chlorella sample containing CA had the highest IOS value (62.50%). The IOS values of b-carotene and a-tocopherol samples containing CA were the same.
It was evident that CA showed antioxidant capacity in VOO but no synergistic relationship appeared to exist between Chlorella and CA (-46.97%). Therefore, it means that CA is unable to further increase the oxidative stability of the Chlorella sample. Similarly, CA had no synergistic effect on improving the oxidative stability of a-tocopherol (-81.92%) and b-carotene samples (-83.68%).
AV and TV
A continuous increase in the AVs of samples was observed during the entire storage period (Fig. 1B) . As far as the accelerated storage is concerned, the AV of Chlorella sample was significantly lower than that of the control. This behavior of the Chlorella sample can be attributed to the antioxidant properties of bioactive components, which it releases into the VOO. Hermund et al. [23] evaluated the effects of brown alga (Fucus vesiculosus) extracts on the oxidation of fish-oil-enriched mayonnaises. They suggested that the efficiency of alga can be attributed to its compounds (carotenoid and phenolic) and also its radical scavenging activity and metal chelating ability.
The AV of Chlorella sample was significantly lower than the AVs of a-tocopherol and b-carotene samples. After 12 days of storage, the AV of control was significantly higher than the AVs of b-carotene and a-tocopherol samples. However, there were no significant differences among them at the end of storage period. The control sample reached its maximum AV after 8 days, and then it exhibited a relatively constant value until the end of storage period. Even though b-carotene and a-tocopherol samples had lower AVs compared to the control after 8 and 12 days, there were no significant differences among their AVs at the end of storage period due to the continuous increase in the AVs of b-carotene and a-tocopherol samples.
The AVs of samples containing CA were observed to increase with increasing storage period (Fig. 1E) . In general, the Chlorella sample showed the lowest AV during the storage period. At the end of storage period, the AV of Chlorella sample was significantly lower (by 21.66%) than that of the control. However, the b-carotene sample exhibited the highest AV throughout the storage period. Therefore, this sample was not successful in holding back the secondary oxidation phase. At the end of storage period, the a-tocopherol sample presented an AV similar to that of the control. At the end of storage period, the AVs of control and a-tocopherol sample containing CA were significantly lower than those of their corresponding samples without CA. However, there were no significant differences between the AVs of the Chlorella samples with and without CA.
The TV trends of samples were similar to the pattern of PV trends. The TV of control was increased by 8 days during storage and reached a maximum value of 50.80 (Fig. 1C) . At this point, TVs of Chlorella, b-carotene, and a-tocopherol samples were 51.08, 47.30, and 37.09%, respectively, lower than the TV of control. Between the eighth and sixteenth day of storage, a decreasing trend was observed in the TV of control, which decreased to 45.55 ultimately. A possible explanation for this decrease in PV, during the aforementioned period, is that primary oxidation products convert to secondary ones. It is further notable to state that the Chlorella sample showed the lowest TV. The TVs of samples containing CA increased with increasing storage period (Fig. 1F) . In general, the Chlorella sample was identified as having the lowest TV during the storage period. At the end of storage period, the TV of a-tocopherol sample was significantly lower than that of the control but the TV of b-carotene sample was significantly higher. The TVs of all samples containing CA were significantly lower than those of their corresponding samples without CA at the end of storage period.
K 232 and K 268 values K 232 and K 268 values are parameters for the measurement of diene and triene compounds, respectively [15] . The K 232 values of samples increased with increasing storage period ( Fig. 2A) . The K 232 value of Chlorella sample was significantly lower than that of the control during the storage period. Athukorala et al. [24] measured the conjugated diene contents (K 234 ) in fish oil containing red alga Grateloupia filicina extract. They found that alga extract samples had lower conjugated diene contents in comparison with the control.
The K 232 values of b-carotene and a-tocopherol samples were significantly higher than that of the Chlorella sample but were significantly lower than that of the control at the end of storage period.
The K 232 values of samples containing CA increased with increasing storage period (Fig. 2C) . As far as the accelerated storage is concerned, the K 232 value of Chlorella sample was significantly lower than that of the control and even lower than the values of b-carotene and a-tocopherol samples. There were no significant differences among the K 232 values of control, b-carotene, and a-tocopherol samples containing CA.
The K 268 values of samples increased with increasing storage period (Fig. 2B) . At the end of storage period, the K 268 values of Chlorella and a-tocopherol samples were significantly lower than that of the control. The K 268 value of b-carotene sample reached 0.40, being significantly higher than that of the control.
The K 268 values of samples containing CA increased with increasing storage period (Fig. 2D) . At the end of storage period, the Chlorella sample exhibited significantly lower K 268 value than that of the control. At the same time, the K 268 value of b-carotene sample was significantly higher than the values of the control and a-tocopherol samples.
Carotenoid and chlorophyll contents
Carotenoids can prevent oxidation by scavenging free radicals or trapping the singlet oxygen. Carotenoids reduction of the control indicates that carotenoids can act as a natural antioxidant ( Table 3 ). The highest carotenoid degradation was observed in b-carotene sample. The carotenoid content of b-carotene sample decreased more rapidly than other samples, which can be attributed to its consumption as an antioxidant and also its decomposition under thermal conditions. The initial carotenoid content of Chlorella sample was 4.75 times higher than that of the control. This high content can be attributed to the release of Chlorella carotenoids into VOO. At the end of storage period, an increase of 2.18% was observed in the carotenoid content in the Chlorella sample. The slight increase in carotenoid content of the Chlorella sample can be explained by a higher rate of carotenoid release than its consumption.
The initial carotenoid content of Chlorella sample containing CA was 4.77 times higher compared to its corresponding control (Table 3) . Although the loss of carotenoids in the control was 13.90% of its initial content, the carotenoid content of Chlorella sample slightly increased at the end of storage period.
Chlorophyll can act as an antioxidant agent in a dark environment. Chlorophyll contents of Chlorella samples (with and without CA) were higher than those of their corresponding control samples (with and without CA), both at the beginning and at the end of storage period (Table 3) . The chlorophyll content of Chlorella sample remained almost constant at the end of storage period but the chlorophyll content of the control reduced by 32.78% during the same course of time.
Color attributes
The initial L* values of Chlorella samples (with and without CA) were significantly lower compared with those of their corresponding control samples (Table 4) . The low initial L* values indicate that the release of Chlorella pigments leads to the decrease in the brightness of VOO. The L* values of Chlorella samples decreased through the course of storage period.
The initial a* values of Chlorella samples (with and without CA) were significantly lower than those of their corresponding control samples, confirming their greenish color ( Table 4) . The a* values of Chlorella samples increased during the period of accelerated storage. This increase possibly results from the pheophytinization of chlorophylls present in Chlorella, leading to the production of pheophytin [4] . Parallel to the decrease in chlorophyll contents of the control samples, their a* values increased at the end of storage period.
The initial b* values of Chlorella samples (with and without CA) were significantly lower than those of their corresponding control samples (Table 4 ). The b* values of control samples (with and without CA) decreased during the storage period, which can be attributed to the presence of oxidized VOO pigments. The b* values of b-carotene samples were observed to increase, which can be due to carotenoid oxidation. Chlorella samples (with and without CA) had significantly higher DE values in comparison with b-carotene and a-tocopherol samples (Table 4 ). The DE value of b-carotene sample was significantly higher than that of a-tocopherol sample, both at the beginning and at the end of storage period. of chlorophyll-A, B and total carotenoid contents of some algae species using different solvents. Turk. J. Bot. 22: 13-18 (1998) Table 4 Effects of Chlorella on color attributes of virgin olive oil In comparison with its corresponding control as reference 2 Mean ± SD (n = 3)
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